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ABSTRACT

With the use of the NAVSTAR Global Posltionlng System
((PS) canstelation, it Is possible for milhary and civillan
uscrs opcrating UPS sccclvers to compnte nccurnle
secelver poshions in both low Earth oabit and on the
sutfnce of the Iimth. ‘This positloning acciacy Is greatly
dependent on the accuracy of the QS oibits that are used
in the estimntion process.  Unfortunntely, current GPS
otbit accurncy Hinits the amount of sclentitic lnformation
that can be setricved from many geodetic npplications such
83 occanography and crustal dynamics where piecise
positioning is sequited.  For exnmple, the althmetsic
satcllite TOPEX which caries a (PSS recelver will need
50 to 100 centhneter recwate GPS orbits 1o answer miny
climate and global change Issucs such a3 mean sca level
rise. bhis limbintlon of the custent GPS oibhit ncciincy
(le. 10 to 20 meters tms 91 USAE hiondeast o1bits)
mativated the pactiminay development of a new orhit
determination system that could puovide sulliclent GPS
othit accmacy for the scientific conununity. ‘This paper
prescuts an alternative GFS oibie detcimidnation system
that consists ol a sclatively closely spaced tiduciat acking
nelwork that is time and ficquency synclionized by o
fiber optic link. ‘The paper describes the gproposed fiber
optics nacking systent and presents pocthifnacy sesulis of
8 covariance study that hidicate the possibitity of nchicving
sub teeter on orhit accuracy. ‘the coviance analysis was
completed witn the O1bit Analysis Shoulation Sofiwaie
(OASIS) which was developed at the Jei Propulsion
Labotatory (L),
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INTRODUCTION

With the use of the NAVSYAR Olobal Positloning System
(ArS) constcllation, it 13 possible to compule accuiale
recelver positions In both low earth orbit and on the
sutface of the eanth, ‘this positoning accuracy is ditectly
proportional to the accuiacy of the GFS orbits that mie
uscd In the estimation process.  For very precise GPS
posliioning applications such as mean sca level and tectonic
plate motion determination, the cutrent Gi'S positioning
accmacy Is inadequate. ‘The orhit for the oceanogiaphic
satellitc TOPEX, which caides a GP'S secelver, will need
1o be known to approximately 10 centimeters rims in the
eadiat ditectlon. By applying the 1ule of thpmb for
selntive positloning |1} ( ldbl/b = ddil/r ), the GFS oibiis
will need 10 be known to the sub meter level. Inoaddition,
tcglonnl coustal dynamic applicatlons ty pically need aboumt

) pant In 108 nccurncy for over 1000 kin basclines to
ndequately define geodetic motlons [2).

The orbit detesmination systemn plcsan) cmployed by the
Unlicd Suntes Alr Force (USAF) (IS Control Segment
rclics on a world wide acquisition of tiacking datn 1o
esthuate nccuinte GI'S o1bits. However, atmospherie delay
elfecis and the necessity to siimultaneously estimaie the
otblt and clock paiameters limlis the mbit accutacy. At
grresent, the noadeast othlits computed by the USAY tha
atc downlinked in the broadeast message me accmate to
10-20 mercss pms (nJong hack, cross ack and adial)
within the thme of applicability, Post compated precice
orhits, which are piesently accusate \o »g melces fins
(along tack, cioss nack and adial) In o best case, me
avallable ficm the V.S, Hntional Geodetic Suivey, the VIS
Haval Swilace Weapons Centes, the U.S. Ucological
Survey tluough the Unlvershty of ‘texas, and the J1'1.
flowever, these oibits aie provided anywheie from weeks
to months nlter a caupalgn. Hot only is theie a time delay
for sccelving these post computed odbits, there also are
inherently lnipe operntlonal costs for these sysicins which
lilter dowea to the user. ‘These systemns are also vulncrable
to the Do) polley of Selective Avallibiling/Aunti Spont
(SA/AS) |3) which involves degrading the broadeast arbits
and/or dithesing the frequency standaird on board the
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sntelllie. Furthesmore, an & problem might develop with
these non-defense preciston (RS tracking oibits, the
probilcm will tend ta persist for days to weeks becnuse the
dota processing Is substantinlly behind weal thue, SA/AS s
engnpged on the Black 11 GPS sutellites and remalng a
factar yet to be completely nndesstood as to s loag tenm
hmpact on prccision oibit determination,

These limitmlons on the GI'S orbit accurncy motivated the
preliminary study of a unique orbit detciminnton system
that conld guovide sulflclient QPS orblt accuracy for
sclientific applications. “this paper prescnts the praposed
GI'S abit detconination system that consists of a closely
spaced (10km 1o 60km) fiducial teacking network that is
time nnd frequency synclivonized by n Hber optics link,
Thiy Idea was arigloated by Piofessar 1. F. MacDoan m
the University of Colorado, ‘The Unlversity of Colorado
peerentty uses fiber optic clroulte foo Luaavctional
televiston between Hs Boulder, Denver and Colorado
Springs campuses whth fuither plans 10 link ol of the
universlties of the state of Coluiado. ‘the {iber optics
presenis an hiwpostant opportunity 1o conligiuie a precision
dilfcrential tincking anay between these compuses wheie
the tiber enables the disttibution of nemly perfect clock
signals. ‘The challenge s 10 devise a mcthod of exploiting
the advantages of highly stable timing and seduced
tansmission media effcets 10 overcome the reducced
sensitivity of relntively shoit baselines compaicd to long
basclines which are usually explolied for precision orbit
determination. ‘lhis paper desciibes some detalls of the
proposed fiber optics tracking system and also presents
some preliminary results of a covatriance study that was
perlfonmed on the proposed system to estimale the
achicvable UPS o1bit accuracy.

PROPOSED ORBIT DETERMINATION SYSTEM

The oibit detesmination system belng presented in this
paper would operate in the lnverse of conventlonal Of'S
positioning.  Instead of detctmining differcntial recelver
positions from accurate GPPS orbits and ranging
Inforniation, the QIS orbits would be detcumined from
accwate geadetic secelver positlons and singly ditferenced
tange observations,

The success of such a system would requlie the
determination of very accurate Intev-recelver and
geacentric positlons and accurate singly dilferencs:!
pscudorange and cargier phase data. ‘IThe presence of a
SLR (Satellite Laser Ranglug) and VI.BI (Very long
Bascline Intciferometsy) site at Plattevitic, Colorado
would be uscd to reference the network to the geocentes of
the Earth and provide an angulas tle to the «quasas
discctions. By using ('S 1cccivers in a diticientind mnde,
the statlons In the tracking network could bie referenced 1o
the VLIH netwark with an uncertainty of approximately 5
millimeters using curcent (WS recelver techuology 4.
This 5 mitllmeter uncertabsty Is possible provided thit
precision bl fiont the NOS o BMA were initially used
to cstablish the network. In the absence of SA/AS, cunent
code-corrclating technology wtilizing pscudoiange and
carler phase data could achicve Inter-sintion uncertaintics
at the mittimeter leved |2). )

Accurnte alngly differenced renge data could be obtained
by thic use of a (iber optics link between statlons. ‘The
optical fiber could synchionlze the data acquisition 1o near
hydiogen maser stablity of 1 x 10-153 which would
climinate the nced to model possible unsinble recelver
clack petlounance, thus lcaving more data sticngth far the
detcimination of the orbit parameters.  In addition, since
the tracking stations will be relatively close, differencing
thie datn between sintlons would cancel the satellite clock
euror, and 1educe most of the aunospheric delay and coutd
create a ditferenced data type with a few mblimcter
accmracy. A concenhiated network will also give long arcs
of shimultancously visible data for the statfons which would
glve suung nrea of dffcienced datn. “This Is possible
beenuse GIP'S satellites ae fnorelatively high oiblts and e
thus visible for up to 6.5 hows. A block diagiam of the
proposcid system is shown in Figute 1.

The proposed system could benellt from many nasscis
avallabie 1o the University of Colorado (C1). ‘lhicre is the
possibility of linking the fiber optics cable ja the HIST
(National Institme of Standards and Techmalogy) Cesinm
fiequency standards In Boulder whiclh would pive an
absolute ficquency refetence. ‘this would supply cach
tcference oscillator in ench Q'S ieceiver with Cesium
tscquency nccwacy (3x10-1) and hydiogen mascr like
stability (1x10-15) between stations. I addition, the
connection to RIST would enabile the absolute calibiation
of the sateilite epoch and osciilator offsets. A Iiber oplic
fink between stations would also enhance the near seal-
time capabillly of such a sysiem so thal as problems
devclup, they can be readily identificd and conected. It
has been shown that fiber optics technology has the abifity
1o disscminate thne and hicquency to Hydiogen maser
sinbilly over bascline lengihs of 22 kilometers in the
Uoldstone Deep Space Communications Complex { 5]

Another advantage of Coloindo is its mile high altitude
which s appraximntely one scale helght for tcopaspheric
water vapor. ‘The amount of tioposphere the satellite
signal must tavel thiongh In Colorado Js onc-thind Jess
thasn that at sea level which tesults In Jess wet bopospheric
degradation of the signal.  Because the statlons will be
relatively close together, thicy will essentially sce simifar
tropospherdc delays. ‘theie may, however, be problems
with the topospherie cancelation in the sununer months
when stormt cclls pasy over oue statfon and nat the othicrs.
‘These cells pass whihin 20 minates and are unlikely to
cicate cums that concliate to the 12 honr period
slgnntutes of the GI'S otbits. Water vapor radiometers
could be necded i 1ange ditferencing did not mininiize the
sesidunl traposphetle delay, atthough, the acquisition of
tracking data to clevation angles of §° should provide the
oppottunity to esthuate the ditferentlal eliccts between the
slations.

‘Ihe accuiate sanging Information sequited for the
proposed 5, .tens ta opciate can be obtained because the
QIS satclliics tansmlt two very stable 1.-bhand casnvicss
madulnted by a unlgue pseudo-random noise (PRN)Y code
for ench satellite. Piescntly, there are two technolopics
capuble of computing ranging Information between the
QPrS satellites and the OPS recelvers: code-conelating




technology nnd codeless technology {6]. ‘The code-
cortrclating recclvers, which repticate the PRM-codes wsed
I ahe space veblcdes, compute psendaranges nnd canler
phiase datn to generate nccmate range datn. Because the
code-corclating recelvers need to duplicate the PRN-code,
they nie susceptible to the DolY's SA/AS policy. This s,
nol the case for the codeless 1écelvers, which use the
chipping frequencies of the satellite PRH gencrators nud
the sccond hannonic of the suppressed canicrs (o cicnle n
pseudorange datn type. At CU, the Coloado Center for
Astiodynumics Rescch (CCAR) whll have access 1o both
code-conclating (FRIMBEI 4000-SD1 and "1 H00) nnd
codeless (ISTAC 2002 sciies) recelvers which both
gencrate the necessmy sanglng infornmation,

There Is no reasan to restrict the praposed sysicm to only
MNAVSTAR GP'S owblt determination. Daly and Dale at the
University of 1 eeds have made secent discoverics of the
transmission chaacteristics and PRN-codes of the Sovict
OGLONASS satcllites [7]. ‘The knowledge now exists to
produce both code-couelating and codeless hybiid
HAVSTAR/GLONASS 1eceivers which have thic abillty to
process pseudorange and carricr phase data. “this type of
tecelver would allow users of the NAVSFAR/GLONASS
bybeld recelvee to increase positloning accuiacy because
of the potential for more satelliies and lmproved satclliic
geomehiy. ‘This would enhance global pasitioning beyond
that intended by the sepatate systens, especinlly when the
HAVSTAR and GLONASS constellations are not
scheduled to be completed uniil 1993 or pethaps later.

The set up of the operational system waakd Involve:
rcfcrcncing stations (o the SLR/VEBE netwaik, verllying
dnta tiansmission links and fiequency stabifltics, ncquliing
and processing code-conclating and/or codeless data, and
then estimating the oihits of the GPS satcllites. ‘Ihe
proposed systeny could be relatively fnexpensive 1o set up
and operate, and i could provide very accuate GI'S oihits
that ate less expensive than curient scivices and meel the
accuracy demands of precise geodetic applications at least
over Hoith Awmerden.  Assuming success In the indtdal
system, It Is cancelvable tha (iber optic tracking nctworks
would bLe established elsewhere(f.e, Austualin, Afcica,
USSR).

SOFTVWARE OVERVIEW

A covarlance analysls was peefe nned on the proposed GFS
fiber optic tracking nctwork to determine what sert of
unccetainty could be expected In the estimation of UI'S
othits. ‘this covaiinnce study was conducicd using the
bl Annlysls Stimelntion Software (OASIS) package
developed at )01, OASIS was deslgned spechtically for the
analysis of oiblt detceminatlon sceratlos for enith
otbiics, especially the (I'S,

The software consists of several modules which are
designed ta addiess the varlous aspects of the covarlance
analysis problem. The modulcs are called PATH/VARY,
REGRES, PMOD, OAFILTER, ANDH OUTRPUT
PROCESSOR. PATIVVARY takes the inpmt otbils and
force modcl to generate the orbit trajectorics and

lntegratea the varlational equations 1o form the sinle
ftnnsition maotrlces.  Input for the REURIES module
lucludes; olLiservation arc thines, stotion locations, datn
types, data tlme steps, and varlables for which
measurement pmtinls will be computed. REGRIES then
delives ohservatfon sequences and compuics measurements
pattial derivatives. Afier REGRES, the 'MOD module
can be uscd to dilference the data and genciate simulated
seshdunls. Finally, if the unccrtainties for the a prioai siale
and consider painmeters are defined, the computed (Jata
nolse) and considercd wncertainties of the oirblit can then be
gencrafed using the OAFILTER module which wtilizes a
U-D factnized formulation.  After the fifter module is
run, the OUITPUT PROCESSOR module uscs the
previously calculated transition mntrices to map the
computed ntnd considered uncertainties to specitied times.
f'or a complete desciiption of the capabilitics of the OASIS
softwate, sce the OASIS Mathematical Description Quide

(8}.

COVARIANCE MODFL FOR THE
I'ROPOSED SYSTEN

‘The gorl of the covarinnce analysls on the proposed aystem
was to dctennine if the expected GI'S oibit uncertainiy
would be small enough 1o satisfy piccise geodetic
scqqitements. ‘the covatlance model used in this analysis
sepriesents an opthmistic scennilo to test the theoretical
nccurncy limlt of the proposed tiacking system.  ‘The
chancteslstics of the covarlance model used in this
analysis ase desciibed below.

‘The oibit used in the covarlance study was cliosen so that
it would pass ditectly over the tracking nctwork, thus
creatiag a long (-6 hour) aic of data. ‘The cpoch and othi
paramcicrs which were obtained from a USAL bioadcast
alimanac arc;

epoch thne = 7/11/89 14h 3mm 20s U1C,
a= 26560397 kmn e =.0082
1=515763 w = 161.6000
£2=29.7801° M=1698113°

‘The a priott uncertainties assumed for this ahmanac quality
orblt weie 100 meters In poshilon and 1 mitlhineter/secound
in velocity, Lunar and solar pertmbations afong with an
8x8 GEM-12 gravity ficld 9] were included 10 generaie
the tajectory and compute the appropriate pastial
dedlvatives. Pestnbations due to solar radiation pressure
aod sateltite thermal emission were not lncloded in the
model. In addition, the clfcca of 71 and polne motion
uncertainty on the osbit sncertainty were not included n
the model.

tue stabion tocraons were chosen to be in Boualder,
Denver, and Foit Colling becnuse of the existing tiber
optic cable linking these statlons. ‘These tlnee stations are
nearly osthogonal with siation separations of 40 10 60
kilomelcss. ‘The station covarlance manix used for the
thice station netwaork has the x,y,z components of each
station peefectly conclated with one another which
simulates a sigid network.  ‘The uncertainties in the
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cavarlance matrlx shmuinte uncertainties with reapect to
the geacenter. (Jeaceanile statlon uncentaintlies of both 10
and 4 centimeters were used in the analysis. This is an
optimistic station covarlaice matix because the
dilferential GI'S poshtloning of the netwmk selative to the
SLR/VIEBL site would lend to station inter-site
uncertaintics.

To obialn the millimeter tincking precision requited for
the proposed system, both the pseudatnnge and the canter
phase data would have 1o be singly diffetenced between
stations for both the 1.1 and 1.2 wansmisslons so that the
fonosphesic ertnrs could be calibrated to wmilthmeter
sccurncy. In the aunlysis, these two dita types were
acquired and differenced every 10 seconds for clevation
angles gicater than 10 degices. ‘The data nolse uncedtality
far the pseudorange was assumed to be 10 centhinclers
every 10 seconds, while the uncertalnty for the carsler
phase for 1wo cases was asswmed 1o be | and 5 millhimcters
for 10 seconds, ‘The § miitlmcter dia nolse uncertainty
was chiosen beeanse a larger data nolse results when the
uncortelated noise of both the L1 and 1.2 are added 1o
calibrate out 1the jonospheric delay, ‘the clfect of the wet
tropospheric zenith delay was also studied by estimating
the zenith delays at the stations with a priorl uncertnintics
of 10 centimeters. Singly ditferenced data clininates both
the satcllite clock and recciver oscitlmtor enors.  In
addition, there are no cycle slips fiom 1cceiver oscillator
Instabllities because the fiber provides very stable
reference frequency and tine,

For each scennrlo that was studicd, both the computed and
considercd uncentainty of the indial, atong tiack, and cross
tinck componcnts of the GI'S oibit were computed. “The
computed vncertalnty s hmited by the data nolse and a
priori orbit wncertalntles. The consldeicd unceitainty is
equnl to the computed wiccitainty plus any wncertninty due
to the constant consider parameters in the force and
measurement models. Thercfote, the cousidered
uncentainty s always Insger than the computed nncertninty
and repicsents a more 1ealistic (and sometlmes pesshnistic)
orbit uncettainty.

In these covarlance analyses, the state vector contained the
otblt parmncicts of the GPS satcttite nnd also the wet
tropospheric zenitlh delay paramicters when they weie
esthmated. Pretiminary annlyses shiowed thng the eticcts of
the unceitaintics i the 8x8 ginvity field coctijclents and
Incrcasing the a prlord o1bit uncestninties did not
contribute to the considered uncertainty of the GPS oibit.
Therefore, only the uncentaintica tn the statlon locatlons

and GM of the emth (4 x 10-3 kv }2) were considered.

RESULTS

The first scenatlo studled for the proposcd tracking sysiem
was a | day arc having 1 pass of fata. ‘Ihe conesponding
computed uncerlaimy is shown In Figme 2. One can see
that the magnlindes of the eadinl and cross teack
components are about 10 centimeters, but the along tinck
cotmponent diverges to --1.6 welers at the end of the 24
hour asc. When the uncertalnties of the costelnted station

Jocatlons (10 cm) and (UM were consldered, the
uncentninty Incicased to ~3.0 metcrs in the atong teack
componet as shown tu Figure 3. ‘Lhese resulis are
encomaging since conelating thie station location errors Is
close to a ealistic case.

fn an attempt to fower the uncertainty, a sccoud day arc
was lncluded 1o the analysis. It swas assumed that cirors In
the giavity lield would not contiibute to the orhil
uncettnlnty aver a2 two day arc. In addition, the geacentiic
station Jocation uncertatutles were decrcased 1o 4
centimeters which is near the prescnt capability of
SLR/VIDIL ‘the consldered uncertainty reached a
maximum of 11 centlimetess for the two day arc ag seen in
Flgate 4. And tinnily, ihls snme scennifo was studicd
while estimntlng the wet hopospheric zenbith delay (10
centimceter a priod uncertalinty) for each statfon and
fncicastng the cacler phase data nolse 1o § millhmciess.
Figme 5 shows that this consldeied uncestalnty seached a
maximum of 50 centimetcrs over the two day aic.

‘These results of this optimistic tracking sysicin scenardo
ate cncawrnging.  ‘lthey are almost two orders of
magohtude better than the accuacy cunently provided by
precise post-computed oibits.  However, the covaiiance
model niceds o be modified to compute more realistic
tacklug errors and orbit uncertalutics.

FUTURE WORK

The uncertainties compwied In this annlysis ase
encounging, but an opthnistic covarlance maodel was uscd
to penernte these resulis. Futtwe work will scline the
curicit madel (o better iepresent an operattonal version of
the proposcd nacking system. ‘The fist hunprovement to
this study will be to Include the elfects of the Inicr-site
unceitainties between the statlons to obtain a maore renlistic
stntion covariance matrix. By knowlng the statlon
covarlance matrices of the fiduclal shtes and the uacking
scennilo that will be used 1o position the operational
network 1o the geocenter, the OASIES soliware package
will be used to compute a realistic statlon covariance
matiix for the proposed network. ‘Vhe effect of solar
rndiation force mismodeling and gravity etrons over
longer ares will also nced to be dncluded. “The oibit
studicd In ihis analysis was chosen to {ly ditcctly over the
ttacking station actwork which 1s a best case scenmin,
Other o1blt geomctiles will nced 10 be analyzed in futme
studics.  ‘Ihe basclines lengths will be Incicased up 10
~400km by moving the statlon locatlons to other campuses
such as Cotorndo Springs and (RMesa State) Geand Junction.
A uade stndy will then be performed between baseline
length and esidual ttopospheric delay etior to detcnmine
the optimmm statlon scpactation and geomelry.

CONCLUSIONS

The possibility of exploiting relatively closely spaced
tincking slics connected by liber optics to provide accumate
clocks olfces au laterestlug possibllity for sigaiticam
hmprovements In OPS cibit determination.  ‘lhe
prellminary results presented In this pnaper are




encournging, bul are also optimistic alnce the full artny of
potentiad crgar sources remains to be fnchuded. Assumibng
future studles contlnue to aliow that the proposed fiber
opHzc orbit determination method Is capable of detesimining
UIS orbits with uncertainties less than 1 eler, then a
transitlon would be made to hardwnre demonstration
hopefully leading to an operational system. I the
proposed systein could deternsine GI'S orbit accuracy of a
few pasts In 108, then the aceuracy of mensmed peodetic
fnformation could lmprove by an oarder of magnhde
which wonld greatly benelit the TOPEX oceanogiaphic
mission and the coming atudies of sea level and the broad
mission of climate and global change.
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Figure 1, Block Diagtam of the Proposed Fiber Optics Othit Detennlnation System
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